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COMPARISON OF EFFECTIVENESS OF CONVECTION-, TRANSPIRATION-, AND
FILM-COOLING METHODS WITH AIR AS COOLANT ‘.

By E. R. G. EC-T andJOHNN. B. LIVINQOOD

SUMMARY

Vari0u4 part9 of aircraft propu18i4m@n@ that are in
contactwiih hot gaw often require cooling. Tmnspir@”on and
jilm cooling, new methods tha-tsupposedly uMize cooling air
more e#eetively than conventional convectbn cooling, have
already beenpropo8ed. TM-8reportpre.sent8mw”al nece%8aty
jor a comparison of the cooling requirenwnia of i!.kwethree
nuihod8. Correlations that are regarded by the &r8 aa tlw
m08treliabb today are employedin etw?uaiingeaehof the cooling
proceS8e8.

CalcU.kzi&n8for the sptzn”dwe in which the gcw vehiiy is
con8tantalong the cooled wall @%-tplate) are presented. Th.e4e,
results ~hmo?dgive a good indieatti of the relative e.fectiven.ws
of the cooling methodsunder otherjhno condiii.omm well. Air
ia s@nJated a-stlw coolant and CMthe owtxide@w medium (a
good approximdon for combwtion gme8]. Both hminar and
turbulent @w, with and un”thoutradiation, are cow”dered for
Reynolds numbers between1P and 1P and coo.?an@ow mtw8
from O i% 0.012?; for connection eaolin.g, tlwrmde@ciiveneI?8
pammeter8 of 0.6, 0.8, and 1.0 are in.ebuded.

The eukulation8 reveal that a eompari80nof the three wo@zg
proces8e8ean be madeon quite a generalbmis. The superiority
of transpiration cooling b dgarly shown for both hminur and
turbulent flow. ThiIIsup&ty is redueed when the efiea%of
radiation are included; for gas-turbim bti, however,there h
enidenceindicating that radiuti.onmay be negleeted.

INTRODUCTION

In aircraft prop+ion engines such as turbojets, ram jets.,
and rockets, it is necessary to cool various parts of the engines
reposed to hokgas flows to temperatures the materials can
safely withstand. At the supersonic speeds reaohed today,
the skin of the aircraft is also heated to quite high tempera-
tures by the aerodynamic heating effect, and future develop-
ment of airplanes and missiles will probably require cooling
of at least some portions of the aircraft skin. The use of
both air and liquids for cooling these critical parts of aircraft
is currently under consideration; the present discussion,
however, is restricted to the use of air.

Air is advantageous as the cooling medium for the processes
previously mentioned, because it can be scooped up con-
tinuously during flight at all altitudes where air-bm-ning
engines are used. At high ilight velocities the temperature
of the air increases unavoidably by the scooping process., so

that it is often useless as a coolant unlew its temperature is
decreased by some cooling cycle. The scoop~~ as well as
the cooling process consumes power and weight and necessi-
tates reducing to a minimum the amount of cooling air
required. New cooling methods, transpiration and film
cooling, -which are supposed to use 1s9s cooling. air than
conventional convection cooling, have been proposed.

The present report compares tmnspiration- and film-
cooling methods with standard convection cooling. The
calculations are carried out for the specific ease in which the
gas velocity is constant over the surface to be cooled (flat
plate). The results, however, should also give a good
indication of the relative effectiveness of the cooling methods
considered under different flow conditions. The comparison
is based on correlations that are regarded by the authors as
the most reliable today, and by Tvhiohconvection-, transpira-
tion-, and film-cooling processes can be calculated. The
calculations reveaJ that a comparison of the three cooling
methods can be made on quite a general basis. Numerical
evaluations of such comparisons are carried out for both
laminar and turbulent flow for Reynolds numbers between
103and 109and for coolant-flow ratios horn Oto 0.012.

This investigation was conducted at the NACA Lewis
laboratory in the spring of 1953.

SYMBOLS

The following symbols with a system of consistent units
are used:

surface area
surface RTeaseparating element under consideration

(see fig. 3)
distance from leading edge of wall to successive

heat sinks, b cooling
specitic heat at constant pressure
coolant-flow parameter
integrating Iv3rnel,film cooling (eq. (37))
local heat-transfer coeflkient
average heat-transfer coticient
thermal conductivity
length of wall
ratio of a~mented surface area on coolant side to

surface area on gas side of wall, convection cool-

lot%’INTusseltnumber, h~/k
average Nusselt number, ~J/k
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number of slots,
Prandtl number,
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film cooling

heat flOTV
heat flux, film CQO@
dot Reynolds number for film cooling, p.,,V.,N/P.4
Reynolds number based on -L, pgV’/P
local Reynolds number based on,z, P.V~/P
2.1l/Reg&=
local Stanton number, iVuJ/e= r.

faverage Wanton number, Ah Re#rz

slot width
temperature
velocity
fictitious velocity based on-unit surface area
coolant flow “
distance fkom leading edge of wall
distammnormal to wall

Y’.,=– Tag
ti ‘ffectiven= ‘actir’ T.– T=,%

,, T.,.– T.
‘iemd ‘ffecttim= ‘actir’ T.– T.
T..– T.
T=– T- ~

ZIL
absduh viscosity
dummy variable
density
average mass velocity of cooliug air
average mass velocity of main flow
cPpav=r~,m

Subscripts: ‘
a
cd
Cv
e
g
r
s
t
w
x

coolant (air)
conduction
convection
designates value at downstream end of wall
combustion gas or gas side 2
radiation
slot
transpiration
-w-al- -..

designat= vslue at specific location

COMPARISON OF COOLING CONFIGURATIONS

The following process is investigated in this report: A wall
is subjected to a hokgas stream of temperature Tz. In
practically all applications, the length of the w-all in flow
direction and the depth of the gas stream are such that the
cooling effect pehetratea only a small distance from the wall
into the gas flow (the temperature boundary layer); W%ereas,
in the bulk of the fluid, the temperature T= does not ohange
in flow direction. The veloci~ V. in the gas flow outside
the boundary layer is also assumed constant along the wall.
Under normal conditions, the thickness of the boundary
layer is so small that the curvature of tlm wall does not in-
fluence heat transfer. Consequently, for the preaeut inves-
tigation, a plane wall subjected on one side to a gas flow with
uniform temperature Tc and uniform velocity V~ is con-
sidered. The temperature drop through the w-allis assumed

to be negligible compared with fiat on the gas side and on
the coolant side. Schematic sketches of the convection-,
transpiration-, and film-cooling arrangements for such a wall
areshowninflgurel.

In the convection-cooling arrangement, the cooling-air
flow is directed along the coolant side of the wall (fig. 1 (o)).
This cooling-air flow has to be limited for the reasons men-
tioned in the INTRODUCTION; and, hence, the cooling air
heats up considerably on its passage along the surface. Op-
timum conditions for convection cooling, obtaqecl by in-
creasing the surface area on the coolant side of the wall by
iins, are =Sumed. The strength oharacteristica of the wall
material prescribe a certain wall temperature TWthat can be
tolerated. The optimum conditions are attained when the
entire surface is kept at that temperature. Overcooliug of
certain parts to lower temperature would conmmm cooling
air unnecessarily. This constant wall temperature TMcan be
obtained either by varying the h surface along the cooling-
air path in order to compensate for smaller temperature
differences between the wall and the cooling air in the down-
stream direction, or by increasing the cooling-air velocity
toward the downstream end of the surface, or by a combiria-
tion of both.

Coolont

(o)

Hot~S

Coolant

- (b) .

Coolant

(c)

(a) Convection cooling.
(b) Transpiration cooling.

(c) Film cooling.
l?mum l.—DMerent methods of cooling.

*Thesuhsmiptst%g and a, g rek b W mndltlam H on wall tompi-ature and moling~ tempwataro, mspeotiveb, at the enrfeC3nOd b tio @ stream.
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The mrangement for transpiration cooling is shown in
figure 1 ($). For this cooling method, the wall is fabricated
from a porous material, and the cooling air passes through
the wall into the gas flow. A protective film builds up on
the gas side of the wall and insulates it from the hot-gas
stream. The cooling air is directed away from the surface
as it leaves the wall. In this way, a counterflow condition
is created between the heat carried away horn the surface
with the coolant stream and the heat transferred from the
hot gaa toward the wall. This counterflow reduces the over-
all hcmt transfer between the gas and the wall surface.
Another advantage of this cooling method is based on the
fact that the area of contact between the air on its way
through the wall and the wall material is very large. & a
consequence, the cooling air will be heated almost b the wall
temperature. As a matter of fact, it is easy to understand
that, for the case in which heat transfer by radiation to the
gas-side surface of the wall can be neglected, the wall tem-
pordm.re on the gas-side surface is equal to the temperature
with which the coolant leaves the wall. This fact may be
explained with the help of @e 2. In the upper part of
this figure a cross section of a porous wall is shown in which
the coolant passagea are simplified as straight ducts.’ The
lower part of the figure indicatea the wall temperature T=
and the cooling-air temperature T. as itchangea on its path
into the wall, through the wall, and into the hot gas stream.
The temperature curves are drawn with the wall temperature
on the gas~ide surface assumed higher than the coolant exit
temperature. The question arkes as to which heai%ransfer
mechanism can cause the w~ temperature to be higher than
the temperature in the layera just outside the surface when
the heat flow is directed as indicated by the arrow. Since
any convective or conductive heat transport always occurs
in a direction of decreasing tempemture, the only mechanism
that can cause the condition shown in figure 2 is radiation.

—q

Therefore, it is concluded that, in the absence of radiation,
the wall surface temperature must be equal to the tempera-
ture at phich the coolant leaves the wW”. A constant wall
temperature can be obtahied ‘over the entire surface by
proper adjustment of -the local coolant flow through the
porous wall.

Film cooling is flqstrated in f3gure 1 (c). Cooling air
is ejected through slots in a direction parallel to the surface.
A cool film is built up, but the iihn is gradually destroyed
by turbulent mixing and heat conduction from the hot gas
flow. The cooling film can be renewed by use of additional
slots arranged at certain distances downstream. No uniform
wall temperature is possible for film cooling. The wall is
coolest near a slot and increaseain temperature in the down-
streamdirection to the next slot. The temperature of the
wall, which would eventually approach the gas temperature
at sdicient distance from the slot, can be decreased by
increasing the number of slots. Thdrefore, the influence
of the number of slots on the effectiveness of this cooling
method is included in this investigation. The comparison
of film cooling with the other cooling methods will be made
on the basis of the highest wall temperature that is found
just upstream of the slots. This baais somewhat under-
estimate h cooling, since the average wall temperature
for this method is lower $an that for the previously de-
scribed transpiration- and convection-cooling methods when
the maximum temperatuea are adjusted equal for all three
methods. Therefore, parts of the &-cooled wall will have
lower temperatures and better strengthe, and, to a certain
degree, these parts can support the hot portions of the wall.
Consequently, under the same strength limitations, the
maximum, temperature of the film-cooled wall could be
somewhat higher than the temperatures for comparable
transpiration- and convection-cooled walls.

COIWEXTIONCOOLING

! CALCULATIONPROCEDURE

Heat balanoe.-~th the aid of iigure 3, a heat balance can
eaaily be set up for an element of the wall with an infinitely
small dimension in flow direction. On the gas side of the
wall, heat transferred by conduction through the fluid layers
immediately adjacent to the wall surface is designated
–kW@T~)w cIA, where CM is the surface area of the
element on the me side of the will. Heat transferred to

+’9’T“ ._.- tie outside wall-of the element by radiation is d@nated
q, dA; and heat conducted into ‘the wall element within

:%9 the solid wall is denoted by q~ &tI’, where dA.’ is the surface

FIC+IJRE2.—Temperature variation through pOI’OUSwall.

area separating the elem~~ und& consideration from the
rest of the wall. The heat that leavea the element is giveII
by ha,., W(Tm— TJ, where W is the augmented surface
of the element on the coqlant side of the wall, equal
to MA (@. 3), and La,,, is the convective heatitransfer
coe5cient on the coolant side of the wall. 1 he heat balance
may then be written (
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FIcmm3.-Sketch of element of wa~ used in setting up heat balance
for convection cooling.

The fit term in this equation ti conventionally expressed
by a heatAransfer coefficient defied by the relation

The heat radiation g, can be expressedsi&larly by a radiative
heat-transfer coefficient as -

gr=MTr~J 1“

The heat conduction within the wall-is zero in the case
considered herein, since the wall temperature is asmimed’
constant. In integrating equation (1) over the total wall
mea A, the first and second terms on the left side oan be
expressed by avemge heat-transfer coefficients, because the
temperature difference in these terms is constant. This
expression redts in

~z,cA(TC– Tm)+~,A(T=–
J

Z’J= ‘ha,J=(Tu- 57==)dA (2),.

The heat that leaves the wall, represented by the right
member of equation (2), must be picked up by the ceolant.
Hence,

JhaJa(Tw- T.A) dA=wcp(Ta,.– TJ (3)

where T= is the coolaht inlet temperature and Tdt6is the
coolant temperature at the end of the heating surface. It is
convenient, for the following ccnsidemtions, to refer the
coolant flow w to unit surface area A and espress in this way
a fictitious mass velocity (coolant flow) w/A= pava. Wlmn,
in addition, the thermal effectiveness

is introduced, equation (2) changes to

%.,c~(T.— TJ +~,A(T.— TW)=cPp=o=qrA(Tw- Ta) (4)

From this equation, the following expression describing the
wall temperature is obtained:

Tu–Ta_ 1—_

()

(6)
“-T= I+ct!vaq’ -

Lm ~ ~:h

hr...

Heat-transfer coefficients.-l?or chosen values of %v=
and qr, the temperature-difference ratio (Tu— Z’J/(T~—TJ
is dependent only upon the convective and the radiative heat-
transfer coefficients on the gas side of the wall. The con-
vective coefficient, in turn, maybe expressed in the following
way: —

c*pgvENIL=c,
LO=%P*VKJ%, = ~egrg (6)

when ~u&., and Rez are baaed on the plate length L. The
value of XZ=og, however, depends upon whether the bound~
layer is laminar or turbulent. These cases will be discusmd
separately.

(1) Larninar flow: The Nusselt number for laminar flow
over a flat plate has been calculated by E. Pohlhmm.
The local Nusselt number resulting from this calculation is
tiven in reference 1 (ea. (140a), P. 92). The averfwe Nusselt
&.rnbw is twice as lar~e (ref. 1; ~q. (141), p. 93).
the following expression is obtained:

This equation has been verified by experiments.
(2) Turbulent flow: For the turbulenhflow

~hmefore,

(7)

region, the
value of the Nusselt number is well established; it is given
in reference 1 (p. 118) as

N—ug,c,=0.037Re~UPrc~8 (s)

For large temperature differences between the gas and the
wall, the question ark= concerning the temperature at which
the property values should be introduced into the parameters
~Z,.,, N~z,c., Re., and Prl to assure that equations (7)
and (8) properly describe heal transfer under such conditions.
The following rde applying to gaaes is supported by most
experiments and calculations: The reference temperature for
the property- values should be chosen as the arithmetic
mean betweerl the wall tempe’iature and.the gas temperatum.
W temperature is often referred to as ti temperMure.
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Final relations for temperature ratio,-(l) Laminar flow
without radiation: In this case, ~,= O. Substitution of
equations (6) and (7) into equation (5) then yields the
following relation, valid for the lwninar-flow region:

(9)

(2) Lmnirmr flow with radiation: For this case, the
equation is

(3) Turbulent flow without radiation: When radiation can
be neglected, substitution of equations (8) and (6) into
equation (5) gives the equation

(4) Turbulent flow with radiation: For this ease, the
equation becomes

Determination of iln area neoessary to maintain a oonstant
wall temperature.-In this section the local augmentation
to the coolant-side surface of the wall by fins is determined.
The variation in number or height of the fins along the sur-
face that is necessary to keep the wall temperature constant
can be found from this calculation. Only turbulent flow-
without radiation is investigated, since this type of flow is
usually encountered in practioal applications. For laminar
flow, a completely analogous procedure oan be used. I?or
the calculation, “it k necessary to determine the ooolant
tmnperature at any local point. In order to do so, a heat
brdrmce for an infkitesimal surface mea (with unit width
of the gas-side surface) at any load position along the wall
is mitten (see fig. 3). This heat balance is

h.,oOcix(T.– Tm)=cpp dTaA
or

dll.z h.,.,
~=~(T’-TJ

where dT=#x is the coolant temperature
must be remembered that h,.,, varies with z.-.. .
of dimensionless quantities

and

(13)

gradient. It
Introduction

(14)

into equation (13) and consideration of equation (6) result in

For turbulent flow, the average value of the heatAmmsfer
coeflioient over the length z is 5/4 the 100al coefficient at
position z. Therefore, the local Stanton number is obtained
from equation (8) by multiplying by 4/5 and dividing by
Re.zPrZ:

S’tE,.,=0.0296Reg~-’JsPrZ-213

where ReZ,=is based on the 100aldistance x. When the Reyn- ‘
olds number is based on the entire length L of the plate, this
relation beeomes

St.,,,= 0.0296Rec-lJbPrc-213h-115 (16)

Inserting eqtiation (16) into equation (15) and integrating
lead to

e=e,~djs (17)

where 0. is the value of 0 for X=1 (z= L).
A seoond form of the heat balance for the element of the

wall may be written as

h,,CO(Tc–T.J=h=oCJa(TW,=–T.=)

in which Tm,ais the average snrfaee temperature on the cool-
ant side. The temperature T.,= is different from the temp-
erature T. of the plane wall surfaoe, since the temperature
decreasea within the * with increasing distanoe from the
plane wall. The temperature Tw,=is usually expressed by a
dimensionless term

. .

oalled the fin effectiveness. Values of the fln effectiveness
for different fin shapes are found in reference 2 (pp. 235-237).
Production of the fin effectiveness transforms the heah
balance equation to

(18)

The local convective heat-transfer coefficient may be re-
placed by an average value upon integration of equation
(16); that is,

Equation (18) may then be altered to yield the following
relation:

~Fh,c&_+
~-lls ‘

La 5 Tm–Ta
TZ-Tm “x’”

Finally, by replaoing 0, by ~ m, there is obtained
r— w

(19)
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IIQmzn 4.—Convection cooling. Prandtl number, 0.7.

The dimensionlessterm on the left side of the equation deter- I
minesthe ih area (as expressed by ZJ as soo{ as the heat-
transfer coefficients on the gas and coolant surfaces and the
ii.neffectiveness are lmown.

..

RESULTS OFNUMERICALCALCULAITONS

Calculations for the determination of the temperature-
difference ratio (Z’m– 2’.)/(?’.– 2’=)as given by equations (9)
to (12) were made for the convection-cooling method for
values of the thermal effectiveness T=of 0.6, 0.8, and 1, and
for a range of cmolant-flow ratio p.ua/P.T7.from O to 0.012.
Reynolds numbem of 10’, 104, and 10s were used in the
1aminar-flow region, and 105,107, and 10° in the turbukm~
flow region. A Prandtl number of 0.7 was used in W the

, calculations.

Resulti for laminar flow without radiation, obtaimd by
use of equation (9), are shown in figure 4 (a); those for lami-
nar flow with radiation, obtained by use of equation (10),
and for the case in which ~,/&,.=1 are shown in figure 4 (b),
(The ratio of radiative to convective hea~trmsfer coefficients
is of this order of magnitude in some components of jet en-
gines such m combuhrs operating at high tempmatures,)
The cooling effectiveness is seen to incresae with increasing
coolant-flow ratio, increasing Reynolds number, and increas-
ing thermal effectiveness. The limiting thermal-effectiveness
parameter is 1.Q. Actually, this condition can be approached
but not reached with a finite wall arm. A comparison
of iigures 4 (a) and (b) shows the effect of radiation.
For p.ua/PCT7.=0.010, Re.=lOs, and q,= 1, the value of
(Z’m– T=)/(Z’.– 2’=) when radiation (with ~,~r,,,= 1) h ~
eluded is 0.347 as against 0.210 when radiation is neglectad.
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The results of the calculations for turbulent flow without
radiution, obtained by use of equation (11), are shown in
figure 4 (c); and those including radiation, obtained by use
of equation (12) and ~,/~Ce,r=1, in figure 4 (d). These curves
show the same general trend ‘& those for laminar flow.
For PaV=/PzT~.=O.O1O,Re.= 10e, and ~.= 1, the value of
(T.– T=)/(Tg– 2’=)is 0.129 with radiation and 0.069 without
radiation. Figure 4 (particuhry 4 (c)) shows that the slope
of the curves decreases as the coolant-flow ratio increases,
and only slight increases in cooling effectiveness can be
achieved by an increase in coolant flow after a certain limit
is exceeded. A comparison of the corresponding curves for
Re.= 10fiin figures 4 (a) and (c) or 4 (b) and (d) inditites
that at the same Reynolds number the cooling effectiveness
of laminar flow is better than that of turbulent flow.

8mrxiG-5~9

Wkh values of (2’. -2’=) /(2’.— 2’=) now available, it is a
simple matter to cfdcdate the parameter Y7Fha,0&e/hZ,eofrom
equation (19). The results for turbulent flow without radi-
ation are presented in figure 5. Equation (19) shows that,

for all cases, the ordinate ~F&~a/~.,c9 is infinite at the lead-
ing edge of the plate; the same is true at the downstream
end of the plate for the optimum case q~=l. All other
values are finite; a minimum point occurs on each curve,
for every value of paqJp.VKconsidered, at about 02 of the
plate length from the plate leading edge.

The required parameter qFha,JJ~z,., can be obtained for
fixed conditions on the gas side either by adjusting the
h.,co (influenced by the local coolant velocity) or by
properly choosing the fin area (influencing q~a). That the
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FIGURE5.—Parameter indicating distribution of iin area necessary to maintain constant wall tempemture for convection aooling. Turbulent
flow without radiation. Prandtl number, 0.7; Reynolds number, Re., 10T.

curves in &u.re 5 tend towards Mnity for X=O is of little
practical importfmce. This tendency is caused by the fact
that theoretically the heal%ansfer ccefiicient on the gas
side is ird3.r& at the leading edge of the surface. The
trend Of ~ CUrVeSwith ~==1 towards inii.nity expres9e9the
~~-ko~ fact that actudy a th8rmal effectiv~= ?lT=1
can be obtained only with an infinitely large cooling surface;
q== 1 can, therefore, only be considered as a limiting case
approached in Wnvection cooling under optimum conditiom.

The most advantageous feature of figure 5 is that it
allows a rapid determination of the iin area necessmy to
obtain n certain thermal effectiveness. Consider, for in-
stance, a coolant-flow ratio paw~P=T7~of 0..005. F~e 5
indicates that a value of q=hJJ~=,.. between 3 and 8.5,
depending upon the location along the cooling surface, is
necessary to obtain a thenmd effectiveness ~= of 0.8, and a
value of ~~&cJd~=,,ebetween 2.1 and 3.2 to obtain a thermaI
effectiveness qr of 0.6. The average values of qFhaJJ~~,C,
over the length L of the wall can be determined from figure
5 as 4.5 for qr=0.8 and as 2.4 for 71~=0.6. The heat-
trrmsfer coefficient on the coolant side ha.osseldom can be
made larger than the one on the gas side ~=,... When the
ratio h=,C,/~Z,O,is accepted as 1 and the & effectiveness ~F
as 1 (a limiting value that can never actually be obtained),
it is concluded that the ratio of the fin surface area to the
area of the plane wall must be made larger than 2.4 to
obtain a thermal effectiveness qr= 0.6, and larger than 4.5
to reach the value q==0.8. The latter value will mean a
serious increase in -weightfor this cooling arrangement.

TRANSPIRATIONCOOLING
CALCULA1’IONPBOCEDQRE

Heat balance.-A heat balance for a section with the
surface area &l of a transpiration-cooled wall can be set

up with the aid of figure 6. The element considered has a
plane surface (1) coinciding with the outside wall surface,
and a plane surface (2) apart from the inside surface of the
wall by such a distance that it is situated outside the bound-
ary layer present on this side. (The tilde surface must bo
considered as a surface to which suction is applied and on
which a boundary layer builds up.) Heat is carried by
convection with the cooling air through surfaces (1) and (2).
The amount per unit time is indicated in figure 6. It is
assumed that the coolant has attained the vndl surface
temperature T. when it leaves the wall; the validity of this
assumption has been discussed previously. Heat will also
be tranderred by conduction through the fluid loyem imme-
diately adjacent to the outside wall surface in_the amount

~

cpP17 a wvTdA

I .J I I
,’~–-e-~

Boundary layer- -’

t
CPPOVO& dA

FIcnnm 6.-Sketch of element of wall ueed in setting up heat balanoo
for transpiration cooling.
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–kw(b Z’/@)w dA. Furthermore, heat may be transferred
to the outside wall by radiation q, dA. In addition, heat
may also flow into the element by conduction in the porous
material or by tramverse flow of the cooling air within the
boundary layer on the suction side; the sum of these flows is
design~ted g~ dA’. The heat balance may then be written

For a cmstant wall temperature and negligible heat flow
along the boundary layer, qti= O.

If the heat tmmsfemed to the outer surface by both con-
duction through the fluid layers and radiation is written in
tmms of gas-to-surface heat-transfer coefficients, equation
(20) reduces after some transformation to

Heat-transfer ooefflcients.-h in CO~CTION COOLING,
the values of the heat-transfer coefficients to be used ti
equation (21) depend upon whether the boundary layer on
the gas side of the wall is laminar or turbulent. The average
heat-transfer coefficient on the gaa side of the wall, for
transpiration cooling, may be written in a manner similar
to equation (6), that is,

(22)

Division of this equation by equation (6) leads to the fol-
lowing relation between the average heat-tra~fer co-
efficient for a transpiration-cooled surface and for a solid
surface for identical valuea of CP,p~,and TT~:

(23)

(1) Laninar flow: Values of %.,,/~.,~ may be obtained
from reference 3 for a Prandtl number of 0.7 and from refer-
ence 4 for a Prandtl number of 1. The local heat-transfer
coefficients on the gas side are, for transpiration cooling as
for convection cooling, proportional to the reciprocal of the
square root of the distance from the leading edge. There-
fore, the ratio of the average values ~.,,/~.,~ is equal to the
ratio of the 10uJ values i3t~,~/5’t~,o,and also equal to Nu~,t/
Nu,,t, when both values are introduced at the same Reyn-
olds and Prandtl numbers. The values Nw. are included
in the previously mentioned references.

l?rom the results presented in reference 3, the ratio Nut,,/
Nug,.o can be obtained as a function of the ratio of gas
temperature to wall temperature and of a coolant-flow
parameter fu (see ref. 5), which for flow over a flat plate
assumeathe form

The values for the temperature ratio of 1 are used in this
report.

(2) Turbulent flow: Compared with lmowledge of con-
vective heat transfer on a solid surface, little is known at
present about heat transfer on a transpiration~ooled surface
under turbulent-flow conditions. The experiments made
under well-defined conditions are limited and were performed
for configurations different from the one considered herein.
As a result, data found in the literature diifer considerably,
from statements that no reduction in the hea~transfer
coefficient is obtained by transpiration cooling in turbulent
flow to statements that considerable changes in the heat-
tranefer coefficient result for transpiration cooling.

Theories offered for the calculation of heat-transfer
coe5cients for transpiration cooling are of a semiempirical
nature and employ very serious simp~cations. Two
theories are discussed briefly herein, one presented by
Rrmn.ie (ref. 6) and independently by Friedman (ref. 7) and
the other proposed recently by H. S. Mlckley and his mso-
ciates of the Massachusetts Institute of Technology. Rannie
simplifies the actual conditions by assuming that the flow
consists of a turbulent region and a laminar sublayer that
separates the turbulent flow from the mill surface. He
also assumes that the temperatures and velocities in the
turbulent region have the same values on a transpiration-
cooled wall as in an ordinary boundary layer on a solid
surface under otherwise identical conditions. Friedman
restricts the Prandtl number to values near 1 and obtains
in this way simpler relations. Mickley proposes to obtain
the r@io of the heat-transfer coeilicient in tmmspiration
cooling to that in convection cooling from a ‘%lm theory”
concept that radically simpli& real conditions. This
conceptreplacea the heat-transfer process within theboundary
layer with the transfer through a laminar film with no heat
convection in a direction parallel to the wall. The thickness
of this flhn is again assumed equal on tianspirqtion-cooled
and on convection-cooled surfaces for otherwise identieal
conditions in the gas flow.

Acoording to reference 7, the ratio of average heat-transfer
coefficients for a transpiration-cooled wall to those for a
solid wall may be expressedby the relation

L_ w_—_—
~,m 8“-1

(24)

where r, the ratio of tie veloci~ parallel to the surface at
the border between the lanimm sublayer and the turbulent
part of the boundary layer to the stream velocity outside
the boundary layer, may be expressed as (ref. 1)

2.11
‘=Be~”l

‘ (25)

where ~z,a is the coefficient that would apply to a solid
surface under identicd outside flow ecmditions.
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(27)

(which can be obtained from eq. (24) by letting r=l).
Herd.-transfer coefficients obtained by use of equation (24)
appear to be approximately in the center of the range of
experimental data reported. They also agree with a limited
amount of data obtained by the NAC4 (ref. 8). Equation
(24) will therefore be used herein. Mickley’s own qeri-

,012

for the temperature ratio are obtained by substituting
equations (6) and (7) in equation (21) for laminar flow and
equations (6) and (8) N well as (24), (25), and (26) in equa-
tion (21) for turbulent flow. The results follow.

(1) Laminar flow without radiation: In this cam ~,=0,
and the iinal equation becomes

rnents agree better with equation (27). When the prece~
relations are to be applied to conditions where the tempera-

(2) Laminar flow with radiation: With radiation included,

ture difference between gas and -wall is large, the problem the final equation is

arises again as in oonve;tion oooling at what temperature
the properties should be introduced into the equations.
Information on transpiration cooling available today is
insticient to answer this question.
- Final relations for temperature ratio.-The final relations
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(3) Turbulent flow without radiation: For this case there
is obtained

(30)

where

(4) Turbulent flow with radiation: The ii.nal equation
becomes, for this case,

Replacement of r by 1 in equations (30) and (31) and
replacement of Rez0.1/2.11by 1 in equation (30) give the
results for the ‘%hn theory.”

RESULTS OF NWIEEICALCALCULATIONS

Calculation for (Tw– T=)/(T.– TJ were made for the
trrmspiration-cooling method for a Prandtil number of 0.7,
coolant-flow ratios from Oto 0.012, and Reynolds numbers of
103, 10A,and 105 for laminar flow and 1P, 107,and 109for
turbulent flow.

I?igure 7 (~) shows the reauh.s for laminar flow without
radiation as obtained by use of equation (28); and figure 7 (b),
those for lmninar flow with radiation as obtained by use of
equhtion (29). Again a ratio fifi~,a = 1 was assumed for
these calculations. Values of ~~,m/h~,~were obtained from
reference 3. A peculiar feature is the shape of the curves in
figures 7 (a) and (b); the direction of bending of these curves
is opposite to that for all other curves presented. For larger
values of pcu=/prV~,the curvature of the lines must go in the
opposite direction, since the cooling effectiveness (T.— TJ/
(T.– TJ must approach the value zero asymptotically with
increasing coolant-flow ratio p~JpcVg.3 Figures 7 (a) and (b)
show that the required coolsnt-flow ratio decresses consider-
~bly with increasing Reynolds number. Approximately the
same cooling effectiveness is obtainable at a Reynolds
number of 106with only about one-third of the coolant flow
required at a Reynolds number of 104. A comparison of
figureE7 (a) and (b) illustrate the large iofluence of radiation
on the cooling effectiveness. Inspection of equations (6),
(7), rmd (21), together with the relation forj~, reverds hat
for lamirtar transpiration cooling the temperature-diEsrence
ratio (Tw—TJ/(T~- TJ depends on the coolankflow ratio
p.o./P~V~rmd Reynolds number Rez only in the combination
(P~VJP,~7g~C ‘1’ti fact leads to the more general presen-
tation of figure 7 (c).

Figures 7 (d) and (e) show the results for turbulent flow
without and with radiation, respectively. The solid curves
in figure 7 (d) were obtained by use of equation (3o). For
larger Reynolds numbem, increases in coolant flow beyond a

: Seefochotq pwe W.

cartain point (say 0.005) have oily small eilects on cooling.
Curves were also calculated by use of ‘%hn theory” in order
to compare the wall temperatures determined in this way
with those calculated previously. It can be observed that
the ‘%lm theory” (dsshed) curves lie below the Rsmnic-
Friedmm theory (solid) curves. In the following compari-
sons of the different cooling methods, the values obtained by
the Rannie-Friedman theory will be used, since they result
in a more conservative evaluation of the transpiration-cooling
method. Results obtained by use of equation (31) are shown
b figure 7 (e). The influence of radiation for the turbulent-
flow csse is also apparent from a review of figures 7 (d)
md (e).

A comparison of the curves for &=llY in iigures 7 (a) and
(d) or 7 (b) and (e) indicates that laminar inspiration
cooling is considerably more effective than turbulent tran-
spiration cooling at the same Reynolds number. An analo-
gous situation was found for convection cooling.
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FIWJItE7.—Concluded. Transpiration cooling. Prandtl number, 0.7.

FILM COOLING

The Hm-cooling method will be considered only under
turbulent-flow conditions, since it is expected that laminar
flow can be maintained only for very low Reynolds numbers.

CALCULATIONPROCRDIJRR

Temperature ratio for single jet.—The cooling-air ti is
diilused by turbulent mixing with the hot gas and is thus
gradually destroyed on its downstream path after leaving
the slot. Consequently, as the downstream distance from
the slot increases, the wall temperature rises and approached
the gas temperature asymptotically. The most extensive
experimental investigation on the temperature conditions in
a ti-cooled boundary layer is reported in reference 9.

In connection with de-icing studies, Wleghardt (ref. 9)
investigated a hot-air jet blown into a cold-air stream through
a slot in a flat pla@. The temperature conditions witibin
the boundary layer were opposite I%the conditions found in
film cooling. However, the iesuh.s obtained in reference 9
can be used for the film-cooliig prccw as‘long as the tem-

perature differences are small enough to permit the property
values to be considered constant. The investigation indi-
cates that the temperature ratio (Tw—Z’a,,)/(Tc— Z’C,S),with
T=,, indicating the temperature with which the cooling &
leaves the slot, depends on theparameter sPa,,Va,,/xP~TT~,where
s is the slot width and z ia the distance downstream from the
slot. This relation is valid for values of p.PT7.JpET7,<1.
It gives a wall temperature that decreases with increasing
ccolantd?low ratio at a given distance z. Use of the reauh
of reference 9 for iilm cooling shows that, for values of
FIa,SVa,JpgT7r>l j the will temperature iucreasea again with
increasing Ccrolan&flowratio. Therefore, a value of 1 for
pa,sT7a,JpeT7c 4VW the mtium COO@ eflectivencss ~
the range in which the reaulta of Wkghmdt may be applied
to film cooling. The Reynolds number for the outsido flow
varied between 10Eand 107. For a length ratio z/8> 100,
the experimentally determined temperature ratio could bo
well represented by the equation

(32)
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A comparison of the film-cooling method with the two
other methods previously discussed is facilitated when again
a mass velocity P=U.is introduced which the coolant would
have if it passed the surface area of the cooled plate. The
coolant ejected from the slot per unit time is spao*T7a,$.
Tlm mass velocity pav=of a surface with length z is, therefore,
pav==spa,8va,8/z. Introducing this maw velocity into
equation (32) and remembering that the temperature T~,,
with which the coolant leaves the slots is equal to the coolant
inlet temperature in the previous methods result in

Tu–T.
()

0.8

—=1–21.8 *
TE–Ta pgvz

(33)

for pauJp.T7.<1/100 and P.,8V.,JPZT7.51.k this form the
equation contains the same parameters as used in the preced-
ing discussions of the other cooling methods. Wleghardt’s
experiments were made with small temperature diilerencw
between gas and cooling air. Therefore, no information is
available on the influence of a large temperature variation
throughout the cooling h on the cooling effectiveness.

In order to compare the film-cooling method with the
other cooling methods, it is of considerable interest to deter-
mine the improvement in film-cooling effectiveness by the
use of a number of slots along the walls instead of a single
slot, Experimental information available is insutlicient to
answer this question. Therefore, a calculation procedure
proposed in reference 10 will be used. T!& procedure is
applied to the condition investigated by Wleghardt and
compared with his test results in reference 11 (pp. 229-231):
The procedure will be reviewed briefly herein; a detailed
explanation may be found in reference 11.

Cakmlated temperature relation for one jet.—Changes in
the sh~pe of velocity profiles within boundary layers have
only a secondary effect on heat transfer. Therefore, it may
be expected that a calculation which neglects the distortion
of the flow boundary layer caused by the coolant ejected
through the slot will give results that agree with the real
conditions to a first approximation. The air ejected through
the slot decreases the temperature within the boundary
layer in the downstream direction. The same situation is
obtained by a heat sink of the str%th cp,~pa.sva,s(Ta,s- Tg)

that replace9 the slot. Such a calculation is made in ref-
erence 11 for a single sink placed at the leading edge of a
flat plate. The result obtained is

The following comparison of equation (34) with Wk.ghardt’s
experiments is made in reference 11. For the range of
temperature used by Wleghardt, Pr.=Pra,,=O.72,
~/Pa,e)0.2=11 and Cp,=~/cP=1. Moreover, since Wkghardt
did not include the air temperature in his data, a value of
68° F is assumed. Slot Reynolds numbers considered by
Wieghardt are then found by calculation to be between
3760 and 12,630. Equation (34) then reads

(35)

which comparea favorably with equation (32). Part of the
discrepmcy between equations (32) and (35) maybe ascribed
to the fact that in Wieghardt’s experiments a flow boundary
layer of fhite thicbess already exists at the location of the
slot, whereas in the calculations in reference 11 the flow
boundary layer is assumed to start at the location of the heat
sink. The rest of the discrepancy is probably due to in-
creased turbulence created by the wok-air jet.

Calculated temperature relation for succession of slots.—
The agreement between equations (32) and (35) makes
possible the use of the calculation procedure that resulted in
equation (35) to predict the cooling effectiveness of film
coolkg with a succession of slots. For a plate with a
contiguous distribution of heat sinks of strength q($) per
unit length, the wall temperature 2% is obtainable from the
following equation (ref. 11):

Tin-T.= J.:049 s(t,x)d: (36)

where g(f,x) is an integrating kernel contained in table II of
reference 11 for different flow configurations. In the de-
velopments that follow, the kernel given in he 7 of ~S .
table for turbulent flow over a flat plate will be used; it is
rewritten here as

The arrangement that idealizes the film-cooled surface
has only discrete sinks which are assumed to be of equal
strength. The spacing of the sinks is determined in such a
way that the -walltemperature has the same value ahead of
each sink, m illustrated in figure 8. The first sink is located
at the leading edge of the plate, the seccind at a distance al
from the leding edge, the third at a distance ~, and so forth.

One .sJnk

12 3 4 5

4-
02—

+“3

Several .sInks

FIQ~ 8.-Schematic sketuh showing heat sinks as replacementsfor
coolingairemergingfromslots.

Equation (34) gives a relation that describes the wall
temperature Ta,l ahead of the second sink when z=al:

(38)
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The constant K comprises the group of parameters for which
Wkghardt’s experiments give the numerical value 21.8.
This value is used herein and restricts the analysis to air as
coolant and the Reynolds number range to tb& covered
experimentally (~ef= 10eto 10~. From equations (36) ~d
(37), the wall temperature Z’maahead of the third sink is

k the same way, the temperatures ahead of the successive
sinksare

TW3–T.
—-=1-W%5)-””8T.–T.

{,+~-(~”’q-w”+[,-(~”’q-w”} ,40,

TW,8
-T”=l-K(:I’?;)-””8{1+HYI-”’3’+T=–T.

. . . +p–(~)”’q-~i} (4Q

The condition is employed that giv~ the best basis for a
comparison with the other cooling methods, &at is, that the
wall temperature ahead of each sink be the same (Tm,l=
Tu3=Twa=. . .= T.,a). When this condition is imposed on
equationa (38) to (41), a system of equations results that
determines the positiona at which the sinks must be located.
These equatiom- are:

(:)-”’=l+~-(:)”’q-”~

(~-”s=(~”s{,+~-(yq-”m+

E-(%Y’3-*”’}

(~)-”s=(-%ys{l+p-(~w’q-”’”+. ..+

F-(%)w’q-wml

(42)

(43)

(44)

Under the condition T.J= T.z=. . . T.,=, the temperature
ratio describing the wall temperature for any number of
sinks may be expwsed as

(45)

A fictitious velocity is again introduced in order to facili-
tate the comparison of film cooling with the other cooling
methods; this veloci~ o=is that which the total cooling air
wotid have in passing through the wall surface arwi. The
~ohmt flow per slot is pa,,V=,~. For n slots it is nPa~V=,~.
The same amount expressed by the fictitious air velocity o=
is a.p~=. Therefore,

GA&a )
Pa,cVa.#=— n

- (46)

Introducing this relation into equation (45) gives (K=21.8)

(47)

From equation (47) the temperature ratio can be calcu-
lated for any number of slots after the ratio iz,/a, has been
determined from equations (42) to (44). Equation (47) is
of course subject to the same restrictions as equation (32),
namely a~/s> 100 and pa.,T7a,,/p~T7gs1.

RE9ULT3 OF NUMEluCALCALCULATIONS

Values of (Tm—TJ/(T~- T=) were determined for one to
six slots by use of equation (47), and the results are pre-
sented in figure 9. For a tied wall temperature T., a
decrease in required coolant flow accompanies an increase in
the number of slots. For a tied value of pao./P,V,, figure 9
shows a decrease in maximum wall temperature TWwith an
increase in the number of slots, the deorease becoming
smaller with a larger number of slots. The curves in figure
9 were all ended at a value of (T=– T=)/(T~– T=) of about
0.5, because the line for a single slot is in agreement with
experimental data only to this %alue.
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FIGWEE9.—Film cooling. Prandtl number, 0.7; Reynolds numbers,
Ret, lW to 107.

COMPARISON OF COOLING METHODS

h order to show the relative effectiveness of the various
cooling methods for identical conditions, several additional
figurw are presented. Figure 10 (a) comparea transpiration
cooling with convection cooling (for thermal effectiveness
parameters qr of 0.6, 0.8, and 1) for laminar flow without
radiation and for a Prandtl number of 0.7 and a Reynolds
number of 104. For a value of (TW—Ta)/(T~—T=) equal to
about 0.4, which corresponds to relatively good cooling,
about three times as much coolant flow is required, even
for the optimum convection cooling (~== 1), as for transpira-
tion coo~m. For smaller coolant flows, the MIerence in
the cooling-air requirement becomes smaller and smaller,
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Fmum 10.—Comparison of cooling methods. Prandtl number, 0.7.

This smaller dtierence should be expected, since the ga.s-
sideheat-trsmsfercoefficient in transpiration cooling deoreases
m compared with that of convection cooling, because part
of the heot that flows in the gas boundary layer by conduc-
tion and turbulent exohange towards the cooled surface is
picked up and again tied away from the surface by the
cooling air leaving the surface. This effect will be larger as
the coolant velocity o=becomes larger. This situation indi-

‘ cates that transpiration cooling is more advantageous in
applications in which considerable cooling is required. For
convection cooling other than optimum, ocnsiderably greater
amounts of coolant flow- are required to obtain the value
0.4 for (Tu– TJ/(Tg- TJ. A typical value of ~Tfor good
air-cooled turbines is about 0.7. Figure 10 (a) ah shows
that, for a coolant-flow ratio of 0.004, transpiration cooling
yields a value of (Tu– T=)/(T.– T=) of approximately 0.4;
whereas, the optimum convection cooling yields a value of
about 0.68.

I?igure 10 (b) shows similar rwdts for the same conditions
as those employed in the calculations of iigure 10 (a), but
for laminar flow with radiation (Z,/fi.,,g= 1). For a value
of (TM– T=)/(T~– T,J of 0.6, the optimum convection cool-
ing requires about tice the ccolant flow required for tran-
spiration cooling. In this case, however, for a given flow rate,
the superiori@- of transpiration cooling is considerably leas
thrm it was in the case where radiation was not present.
On gas-turbine bladea the heat transfer by radiation can
practically always be neglected (refs. 8 and 12). In other
pints of a gas turbine, such as combustion-chamber walls,
the contribution of radiation to the total heat tramfer is
considerable.

I?or other Reynolds numbers, the relative position of the
curves in the (To— TJ/(T~- T=) againstPWJP117g diagrams

in @ea 4 (a) and (b) and 7 (a) and (b) is approximately
the same as for l?e~= 104. & the Reynolds number increas&,
the difference betieen transpiration and optimum convec-
tion cooling becomes smaller.

3osGGG-G~o

For a Prandtl number of 0.7 and a R’eynolds number of
106, a comparison of convection and transpiration cooling is
shown in figure 10 (c) for tmbilent flow without radiation.
The diilerent curves for convection cooling hold for different
values of the thermal effectiveness obtained in this method.
Transpiration cooling is again shown to be the better of the
two cooling methods compared.

The superiority of transpiration cooling is based on tvr
factors. First, a decrease in the heat-trsmsfer cosflicients is
the cause for the improvement of the transpiration-cooling
curve over the limiting convection-cooling curve (q~= 1).
Secondly, convection cooling rewilts in a temperature
effectiveness less than 1, and the difference between the
~nvection-mo~g c~e for the actial TT vfdue (for
instance, q~=O.6) and the limiting curve ~T=l indicates the
improvement obtained in transpiration cooling by the fact
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that the temperature at which the cooling air leaves the
wall is practically always equal to the mill temperature.

The difference in coolanbflow ratio required for transpira-
tion cooling becomes larger for larger coolant flows. The
same trend has been observed for laminar flow. The mag-
nitude of the difference, however, is smaller for turbulent
flow. To obtain a temperature ratio (T.– T=)/(Tg– T=)
equal to about 0.4, a coolant-flow ratio between 0.004 tid
0.005 is required in h-anspiration coow, and a coolant-
flow ratio of 0.007 for the optimum (q,=l) convection
cooling. The latter value increases cotiderably when the
thermal efficiency ~. is less than 1, a value of about 0.012
being obtained for qT=O.6 (fig. 10 (c)).

Lnfigure 10 (d), convection, transpiration, and film cooling
me compared for a Reynolds number of 107 for turbulent
flow without radiation. The relative position of the
convection- and inspiration-cool.ing curves is approximately
the same as in figure 10 (c). The d.iflereaces between tmn-
spiration cooling and optimum convection cooling have
slightly decreased. l?or film cooling, the curves calculated
for various numbem of slots are plotted.

Film oooling with a single slot at the leading edge of the
plate is not m effective as the poorest convection cooling
considered (@. 10 (d)). However, it must be remembered
that for this method the wall temperature Tmcontained in
the parameter (T.— TJ/(T.- T=) is the highest temperature
occurring within the wall. At smiller downstream distances,
this temperature decreases toward the value T. obtained
immediately behind the slot (when heat conduction within
the wall is neglected). Fihu cooling appeam, from this con-
sideration, to be a good method for thoroughly cooling a
specific location. It must be expected that W cooling
eventually transforms into transpiration cooling when the
number of slots (or sinks in the calculation procedure)
becomes very large. The calculation procedure offered
herein holds only for sinks at tite distancea and therefore
will not show the above feature. An advantage of f3hn

cooling for practical applications is that it can be very easily
incorporated in most designs.

Ii iigure 10 (e) convection and transpiration cooling me-.
compared for turbulent flow with radiation (h/~& 6F 1 ) for

a Prandtl number of 0.7 and a Reynolds number of 107. As
in the laminar ease, the temperature ratio for a kpecific set of
conditions is greater when radiation is present, and the
differences between the various cooling arrangements i-m
smaller than in the case without radiation.

In a specific applioationj the choice of the oooli.ngmethod
used will be influenced by design, ccnsidemtions na well as
by the coolant requirements. One @vantnge of convection
cooling .tiat is important in some applications is that tho
coolant may have any pressure level; whereas, for trmspiru-
tion and film cooling, the supply pressure has to be higher
than that in the hot-gas stream. The praent report presents
the material necessary for a comparison only with respect to
cooling requirements. Although the calculations were made
for a speciiic condition in the hot-gas stream (constant
velocity and constant temperature), the r~ults should be
applicable, at least qualitatively, for other conditions as well.

SUMMARYOF RES~TS

A comparison of two new cooling methods (trrmspimtion
and film cooling) with standard convection cooling is pre-
sented. The comparison is based on correlations that pmmi~
simple evaluation of each of these three cooling processes.
Although presented for,a flat plate with constant gas velocity
and temperat~e, the calculations give qualitative indica-
tions of the relative tiectiveness of the various cooling meth-
ods under different flow conditions aswell and reveal that tho
three cooling methods can be compared on quite a genmcd
basis. Numerical evaluations of the cooling processes nro
made for a flat plate, for both laminar and turbulent flow,
with and without radiation, for Reynolds numbers betwmm
10s and 10°, and for coolant-flow ratios from Oto 0.012. Air



COMPARISON OF CONVECTION-, TRANSPIRATION-, AND FILM-COOLING METHODS 609

is considered aa the coolant as well as the outside flow medium
(rLgood appro.sinmtion to combustion gaaes), and a Prandti
number of O.7is therefore used. Thermal effectivenessparam-
etms of 0.6, 0.8, and 1.0 are considered for convection cool-
ing. For larninarflow without radiation, a comparison of the
results for a Reynolds number of 104indicated that about
three times as much coolant flow waa required for optimum
convection cooling as for transpiration cooling in order tm
maintain a temperrtturedifference ratio of 0.4. Considerably
larger coolant flows arerequired to maintain this temperature-
diffemnce ratio for convection cooling other than opti-
mum. Moreover, the difference in cooling-air requirement
increases for increasing coolant flow, and hence the advan-
tages of tmnspifation cooling are larger in applications where
strong cooling ia required. Including the effects of radiation
reduces the superiority of transpiration cooling considerably;
however, heat transfer to gas-turbine blades by radiation
can usucdly be neglected.

Similar results were obtained for turbulent flow. For a
Reynolds number of 105,without radiation, and at the same
temperature-difference ratio of 0.4, about 1X times the
coolant flow ia required for optimum ‘Convection cooling as
for transpiration cooling, and correspondin&lylarger flows are
required for convection cooling other than optimum.

Analogous results were also obtained for turbulent flow
with a Reynolds number of 107,with slight decreases in the
differences between transpiration and optimum convection
cooling. Including the effects of radiation again reduces the
superiority of transpiration cooling. Film cooling can be
employed to cool a specific location effectively and cm be
made to approach the other cooling methods in electiveness
by increasing the number of slots.
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